Introduction
The chemical recycling of poly(ethylene terephthalate) (PET) has been attracting a great deal of attention because of its suitability for depolymerization owing to the presence of hydrolyzable ester bonds in the back bones. So far, various decomposition techniques, such as glycolysis in liquid ethylene glycol, 1 hydrolysis in the presence of alkali 2 and alcholysis using supercritical methanol, 3, 4 have been reported for the chemical recycling of PET. By using these techniques, monomer components, such as terephthalic acid (TPA) and ethylene glycol, and/or low-molecular-weight oligomers can be recovered from PET samples through their depolymerization.
Recently, a hydrothermal process, using supercritical or subcritical water as a reaction medium, has become a promising method for the clean chemical recycling of various polymeric materials.
This hydrothermal process enabled the rapid depolymerization of condensation polymers, such as PET 5, 6 and polycarbonate, 7 into its constituent monomers without using any toxic organic solvent. For example, Yoshida et al. reported that synthetic fiber waste made of PET almost completely decomposed into TPA within 5 min by a hydrothermal process under 350 C. 6 In order to evaluate the monomer recoveries of PET under various hydrothermal conditions efficiently, it is requested to develop a practical method for the determination of TPA in solid decomposition products obtained from the hydrothermal recycling process.
Conventionally, various chromatographic techniques, such as gas chromatography (GC) and high-performance liquid chromatography (HPLC), have been utilized for the determination of monomeric components in polymers. However, these methods are not necessarily suited for routine analyses because of a requirement of cumbersome sample pretreatments, such as solvent extraction, derivatization and/or removal of polymeric fraction.
Meanwhile, Hardell et al. reported that a thermochemolysis-GC technique, using tetramethylammonium acetate (TMAAc;  (CH3)4N + CH3COO -) as a methylating reagent, permitted the rapid and highly sensitive detection of free fatty acids in various lipid mixtures as their methyl esters on the resulting chromatograms. 8 By using this technique, they also analyzed free fatty acid components contained in wood extractive samples without doing any tedious and time-consuming sample pretreatments.
Furthermore, the authors applied thermochemolysis-GC in the presence of TMAAc to the direct compositional analysis of a series of fatty acids and polyphenols contained in wood samples. 9 However, there has been no report concerning the validation of this technique, since the methylation efficiency of TMAAc with analytes during thermochemolysis was not evaluated in detail.
In this work, the rapid and precise determination of TPA in the solid decomposition products obtained through the hydrothermal recycling process of PET was tried by using the thermochemolysis-GC technique in the presence of TMAAc. First, the methylation efficiency of TPA by TMAAc during thermochemolysis was examined in detail by focusing on the reaction temperature and the amount of the methylating reagent. Then, thermochemolysis-GC under the thus-optimized conditions was applied to the direct determination of TPA contained in the hydrothermal decomposition products of PET. Thermochemolysis-gas chromatography in the presence of tetramethylammonium acetate was applied to the direct determination of terephthalic acid (TPA) contained in solid decomposition products obtained from the hydrothermal recycling process of poly(ethylene terephthalate) (PET). On the chromatograms of the hydrothermal decomposition products of PET, a sharp peak of the TPA component was clearly observed as its corresponding dimethyl ester formed through the thermochemolysis reaction. Based on the peak intensities, the contents of TPA in the decomposition products were determined precisely and rapidly without using any cumbersome sample pretreatments. 
Notes

Experimental
Reagents and chemicals
Poly(ethylene terephthalate) (PET) was supplied by Teijin Co. (Tokyo, Japan). Terephthalic acid purchased from Wako (Tokyo, Japan) was also used as a model sample to examine the methylation efficiency of TMAAc. A 25 wt% solution of tetramethylammonium acetate (TMAAc) was prepared by dissolving solid TMAAc purchased from Aldrich (Milwaukee, WI) in reagent-grade methanol.
Hydrothermal decomposition of PET
The hydrothermal decomposition of PET was performed according to our previous paper. 10 About 0.1 g of the ground PET sample was put into a stainless-steel (SUS316) tube (10 mm i.d. × 10 cm) together with 3 ml of water. After the remaining air was purged by a N2 flow, the tube was sealed with Swagelok caps, and then heated at 250 or 300 C in a GC oven. Under these temperatures, water in the reaction tube was in a subcritical state at ca. 5 and 8 MPa, respectively. After heating for 30 min, the tube was cooled down in a water bath. The solid decomposition products were taken out of the tube, and the inner wall of the tube was washed out using water and methanol. The products in water were mixed with the rinsing solutions and dried in vacuo. Then, the obtained solid products were analyzed by thermochemolysis-GC.
Thermochemolysis-GC measurements
The procedure for thermochemolysis-GC is basically the same as that described in our previous paper. 9 A vertical microfurnace pyrolyzer (PY-2020iD, Frontier Lab, Koriyama, Japan) was directly attached to a gas chromatograph (GC4890, Agilent, Palo Alto, CA) equipped with a flame ionization detector (FID). About 50 μg of the hydrothermal product sample or 2 μl of methanol solution (2.5 mg ml -1 ) of terephthalic acid was put into a small platinum cup, and then 3 μl of a methanol solution (25 wt%) of tetramethylammonium acetate (TMAAc) was added to the same sample cup as a methylating reagent. The sample cup was first mounted on the waiting position of the pyrolyzer near room temperature, and then dropped into the heated center of the pyrolyzer maintained at 400 C under the flow of helium carrier gas.
A metal capillary column (Ultra ALLOY-1, 30 m × 0.25 mm i.d., Frontier Lab.) coated with polydimethylsiloxane (0.25 μm film thickness) was used. The 50 ml min -1 carrier gas flow rate at the pyrolyzer was reduced to 1 ml min -1 at the capillary column by means of a splitter. The column temperature was initially set at 50 C, and then programmed up to 300 C at a rate of 10 C min -1 . Identification of the peaks on the chromatograms was carried out mainly using a GC-MS system (Shimadzu QP5050) with an electron ionization (70 eV) source to which the pyrolyzer was directly attached.
Results and Discussion
At first, the effects of the reaction temperature and the amount of TMAAc on the methylation efficiency were examined through measurements of the solution sample of TPA. Figure 1 shows a typical chromatogram of the TPA sample (10 μg) obtained by thermochemolysis-GC in the presence of 3 μl of TMAAc at 300 C. On this chromatogram, a sharp peak of dimethyl terephthalate, formed from TPA through the on-line methylation, was clearly observed after elution of the reagent-related peaks, such as methanol, methyl acetate and trimethylamine. Furthermore, the observation for which no other peak is detected in this chromatogram indicates that unwanted degradation of TPA does not occur during the thermochemolysis reaction under this condition. Figure 2 shows the relationship between the methylation temperatures and the peak intensities of dimethyl terephthalate, normalized by the sample weight, observed in the chromatograms. As shown in this figure, the peak intensity of dimethyl terephthalate became largest at 300 C, while the values decreased at higher and lower temperatures because of its partial degradation and insufficient methylation, respectively. Therefore, the following measurements were carried out at 300 C as the methylation temperature.
Next, Table 1 summarizes the effect of the amount of the TMAAc solution on the peak intensity of dimethyl terephthalate normalized by the sample weight together with the data for the relative standard deviation (RSD). As shown in this table, the normalized peak intensities were almost the same regardless of the amount of TMAAc used in this work, although RSD obtained with 4 μl of TMAAc showed a relatively higher value, presumably due to the loss of thermal energy by the evaporation Temperature / ºC Peak intensity normalized by sample weight / counts µg -1 Fig. 2 Relationship between the methylation temperature and the peak intensity of dimethyl terephthalate normalized by the sample weight.
of an increased amount of the reagent's solvent (methanol) during thermochemolysis. Therefore, the determination was carried out with the addition of 3 μl of a TMAAc solution, which led to a least-RSD value around 3%. Using the solution samples of TPA, the calibration curve for TPA was acquired on the basis of the peak intensities of dimethyl terephthalate on chromatograms obtained under the thus-optimized conditions. Here, the relative standard deviation of the intensities of dimethyl terephthalate was less than 4% for three repeated runs. Furthermore, a good linear relationship (r = 0.997) was observed between the intensities of dimethyl terephthalate and the amount of TPA (μg) introduced into the sample cup, suggesting that the concentration of TPA in the hydrothermal products of PET could be determined by using this calibration curve. The solid hydrothermal products were then directly subjected to thermochemolysis-GC measurements in the presence of TMAAc. Figure 3 shows the resulting chromatograms of the decomposition product samples obtained after the hydrothermal processes at (a) 250 and (b) 300 C, respectively. Similarly to the case for the solution samples of TPA, the peaks of dimethyl terephthalate were unambiguously observed on both chromatograms of the solid product samples. Here, it should be noted that the partial degradation products of dimethyl terephthalate, such as methyl benzoate and benzene, were not appreciably observed on the chromatograms, indicating that the hydrothermal process under the conditions used in this work mainly promoted selective hydrolysis of the ester linkages in the PET backbones, rather than cleavage of their C-C bonds. In addition, the peak derived from the ethylene glycol moiety, another constituent of PET, was almost missing on both chromatograms, since ethylene glycol was known to be preferentially decomposed to smaller molecules in subcritical water with TPA working as an acid catalyst. 3, 5 Finally, the contents (%) of TPA in the hydrothermal decomposition products were determined from the peak intensities of dimethyl terephthalate by using the calibration curve as follows:
where WTPA and Wsample are the amount of TPA determined by the calibration curve and that of the solid residue sample introduced into the pyrolyzer (weighed ca. 50 μg), respectively. Table 2 summarizes the contents of TPA in the hydrothermal products estimated by thermochemolysis-GC together with the reference values obtained by the conventional HPLC method after removing the polymeric components by fractional precipitation. In this table, the recovery (Re) (%) of TPA through the hydrothermal process is also estimated based on the amount of TPA in the solid residues by thermochemolysis-GC normalized by the calculated value, considering the quantitative depolymerization of the original PET samples, as follows:
Here, WPET and Wproduct are the amount of the original PET samples subjected to the hydrothermal process (100 mg) and that of the solid residues obtained after the process (83.1 and 73.3 mg for the process at 250 and 300 C, respectively). MWTPA and MWET are the molecular weights of TPA and the ethylene terephthalate unit (166 and 192), respectively. As shown in this table, the data for the recovery indicate that relatively higher temperatures of around 300 C are required to depolymerize the PET samples almost quantitatively into TPA by the hydrothermal process. However, the relatively smaller recovery of TPA than its content in the product obtained at 300 C suggests that the undesired degradation of TPA into smaller volatile molecules might occur to some extent during the hydrothermal process under this condition. On the other hand, the contents of TPA obtained by thermochemolysis-GC were in good agreement with those by the HPLC method. Moreover, the relative standard deviations for the contents estimated by thermochemolysis-GC were less than 2% based on five repeated runs. These results suggest that thermochemolysis-GC can be used as a precise and reliable method for the screening of a large number of the hydrothermal products of PET obtained under various decomposition conditions.
